ABSTRACT: We report the structure and thermal properties of blends comprising poly(vinylidene fluoride) (PVDF) and a random fluorinated copolymer (FCP) of poly(methyl methacrylate)-random-1H,1H,2H,2H-perfluorodecyl methacrylate, promising membrane materials for oil-water separation. The roles of processing method and copolymer content on structure and properties were studied for fibrous membranes and films with varying compositions. Bead-free, nonwoven fibrous membranes were obtained by electrospinning. Fiber diameters ranged from 0.4 to 1.9 μm, and thinner fibers were obtained for PVDF content >80%. As copolymer content increased, degree of crystallinity and onset of degradation for each blend decreased. Processing conditions have a greater impact on the crystallographic phase of PVDF than copolymer content. Fibers have polar beta phase; solutioncast films contain gamma and beta phase; and melt crystallized films form alpha phase. Kwei's model was used to model the glass transition temperatures of the blends. Addition of FCP increases hydrophobicity of the electrospun membranes.
INTRODUCTION Separation of oil-water mixtures is a very important technological problem [1] [2] [3] [4] with many significant applications. Filtration and reuse of wastewater as a drinking water supply is a major challenge due to its widespread demand [5] [6] [7] arising from depletion of natural sources and ever-increasing population. From an eco-friendly point of view, it is also the key challenge in cleaning up oil spills. 8, 9 Specifically engineered oleophilic membranes could provide one solution through selective absorption of oil and rejection of water. The effectiveness of these membranes depends on properties such as high porosity, 10 hydrophobicity, oleophilicity, 11 and roughness at multiple length scales. 12 Membranes with advanced functionalities have been fabricated through the design of functional polymers 11, [13] [14] [15] [16] which enhance membrane performance. [17] [18] [19] Membranes for filtration are manufactured using several fabrication methods. Common approaches include use of ultrathin layers of material employing deposition techniques on substrates, [19] [20] [21] [22] spin casting, 20 solution-casting, 21 and nonsolvent induced phase separation processes. [22] [23] [24] Electrospinning (ES) is another popular fabrication method used to make fibrous membranes, [25] [26] [27] [28] due to its simplicity and scalability. The approach adopted in this work involves creating hydrophobic polymer blends and fabricating them into nonwoven fibrous membranes by ES. We selected Poly(vinylidene fluoride) (PVDF) as bulk polymer, because PVDF is a very common membrane material due to its high chemical and mechanical stability. For the other blend component, we synthesized a specialty random copolymer, poly(methyl methacrylate-random-1H,1H,2H,2H-perfluorodecyl methacrylate) P(MMA-r-PFDMA) that combines methyl methacrylate (MMA) and PFDMA repeat units along its backbone. MMA was chosen because it is known to be miscible with PVDF, 29, 30 and will provide anchoring groups to the membrane matrix. Comprehensive studies 31, 32 have shown that compatibility of MMA blended with the amorphous matrix of PVDF is uniform across all PVDF concentrations. Therefore, the results of the present study can be extended to copolymers that contain MMA. The second unit, PFDMA, has highly fluorinated side chains that could segregate to the ES fiber surface and enhance roughness and hydrophobicity. 33, 34 Even though wettability and photochemical stability of some copolymers that share a similar structure to P(MMA-r-PFDMA) have been studied in the literature, [35] [36] [37] this specific copolymer is a new addition to the field. This makes our study unique. Hence, the discoveries of this study are the first findings of blends of this novel copolymer, but due to the utilization of MMA in this material, these findings can be extended to similar fluorinated copolymers (FCPs) that contain MMA and their blends with PVDF.
Our team has recently reported the copolymer synthesis, performance, and fouling resistance of these membranes. 38 However, detailed structure and thermal properties of PVDF/P(MMA-r-PFDMA) blends have not been reported. In this work, nonwoven fibrous membranes were successfully fabricated from blends of different PVDF/copolymer w/w ratios. Our goal is to establish correlations among processing history, blend composition, thermal properties, and structure.
Despite the fact that many separate studies link PVDF crystal structure to its processing history (i.e., by melt crystallization, ES of fibers, or solvent casting), a direct comparison among these approaches has not been made. Therefore, we also aim to provide a thorough comparison among these different processing conditions and the PVDF crystal structures when blended with the unique FCP blends used in this study.
The morphology of electrospun fiber membranes was determined using scanning electron microscopy (SEM). Crystallographic information was obtained using wide-angle X-ray scattering (WAXS) and Fourier transform infrared (FTIR) spectroscopy. Thermogravimetry (TG) was used to assess degradation profiles while degree of crystallinity of the blends was studied by differential scanning calorimetry (DSC). To assess membrane wetting properties, sessile drop water contact angle testing was performed on as-spun fibers of all blends, which bears directly on the industrial relevance of these materials. Solution-cast films were studied for some of the blending ratios, enabling us to draw comparisons to properties of ES fibers.
EXPERIMENTAL
Materials PMMA-r-PFDMA was synthesized using free-radical polymerization by mixing 20 g of total monomer (70/30 w/w of MMA/FDMA) with 0.02 g azobisisobutyronitrile initiator in 60 ml toluene at 60 C overnight. The reaction was stopped by adding 1 g 4-methoxyphenol to the solution and stirring for 15 min. The FCP was then precipitated in ethanol and washed three times to remove all monomer residues. Then, it was air-dried overnight and further dried in a vacuum oven at 50 C overnight.
The copolymer composition was characterized using proton nuclear magnetic resonance ( 
Scanning Electron Microscopy
The morphology of electrospun fibers was studied using a Zeiss EVO MA10 SEM (Carl Zeiss, Oberkochen, Germany), operating at 5 kV. Samples were first coated with Au-Pd alloy for 90 s using a Cressington Sputter Coater 108 (Cressington Scientific Instruments, Watford, UK). Application software package ImageJ was used to analyze SEM images and to obtain statistics on fiber size by obtaining fiber diameter data from no fewer than 100 fibers for each composition.
Wide-Angle X-Ray Scattering One-dimensional WAXS was performed on polymer blend films and fibers in reflection mode using a Philips PW 1830 powder diffractometer (Malvern Panalytical B.V., Almelo, The Netherlands), operated at 40 kV and 45 mA with X-rays of wavelength λ = 0.1542 nm (Cu K α ). Samples were mounted on standard aluminum holders and were examined in θ/2θ reflection mode (for θ the half-scattering angle) using a step scan interval of 0.02 step −1 and a scanning rate of 0.01
. The scattered intensity from the empty Al sample holder was subtracted as background. All crystallinity indices presented here are normalized to the PVDF fraction in each blend and therefore should be understood as the crystallinity fraction of the PVDF component in blend.
FTIR Spectroscopy
Absorbance spectra were examined using attenuated total reflectance FTIR spectroscopy on a JASCO FTIR-6200 Spectrometer (JASCO Instruments, Tokyo, Japan). Spectra were obtained from 600 to 4000 cm −1 at 4 cm −1 resolution with 256 scans coadded. Air background was subtracted from the sample spectra.
Thermal Analysis TG was performed on a TA Instruments, Inc. (New Castle, DE) Q500 series thermogravimetric analyzer from 25 to 800 C at 10 C min −1 under 50 ml min −1 N 2 gas flow using polymer fiber samples of mass 5-15 mg. DSC experiments were performed on a TA Instruments Q100 series DSC equipped with a refrigerated cooling system with N 2 protection gas flowing at 50 ml min −1 . Sections of bulk films were cut such that they filled standard aluminum DSC sample pans with uniform contact across the entire surface. Electrospun fiber samples were rolled up and placed on DSC sample pans using the "fixedend" method described in previous work 39 to ensure maximum contact and uniform heat flow. Sample mass varied between 3 and 10 mg. The three runs calibration method 40 (empty-empty, empty-sapphire, empty-sample) was followed in the temperature range −80 to 200 C at 10 C min −1 to obtain high precision heat capacity data of the blends. A temperature-modulated DSC program of heating from −80 to 200 C at 5 C min −1 , with a temperature modulation amplitude of AE0.796 C and period of 60 s, was used to study the thermal properties of electrospun fibers. The DSC cell was calibrated for temperature and heat flow accuracy using indium standard, and for heat capacity using sapphire standard.
Contact Angle Testing
Wetting properties of the fiber mats were measured using a Ramé-Hart contact angle goniometer (Succasunna, NJ). Pieces from as-spun fiber membranes were cut and taped onto glass slides and their water contact angle was measured using the static sessile drop method at room temperature using a 4 μl water droplet. The final contact angle was calculated by averaging over at least 10 individual contact angle measurements taken for each blend composition. Figure 1 (a-i) shows the SEM images of electrospun fibers for all the compositions. Uniform fibers free of defects, such as beads, were obtained for all compositions. As shown in Figure 1 (j), the average fiber diameters were in the range of 0.4-1.9 μm. The diameter distributions for all individual compositions showed Gaussian or skewed Gaussian distributions (Fig. S1 , Supporting Information). The error bars in Figure 1 (j) represent the standard deviations of each data set. Fibers containing 80% or more PVDF (i.e., copolymer content <20%) exhibited average diameters smaller than 1 μm while fibers with PVDF <80% had average diameters larger than 1 μm. The fibers tended to be straighter in the compositions dominated by PVDF [ Fig. 1(a-d) ] whereas in the compositions with a high fraction of copolymer [ Fig. 1 (e-h)], the fibers adopted a more curled shape. Fibers containing PVDF ≤75% [ Fig. 1 (g-i)] were brittle, and could not be bent or rolled without fracturing (e.g., when making samples for TG or DSC).
RESULTS AND DISCUSSION

Fiber Properties
Crystal Phase Identification
Results from X-ray scattering experiments are shown in Figure 2 . The overlapping X-ray reflections do not allow us to determine whether alpha or gamma phase is dominant with the same degree of accuracy as FTIR (presented in the next section). FTIR provides unique and separate absorbance peaks 44 corresponding to alpha, beta, and gamma crystallographic phases that enable us to determine the presence of these phases with certainty. As the copolymer content in the blends increases, the crystal peak intensities diminish, while maintaining the same angular positions.
In the electrospun fibers, [ Figure 2 can be indexed to β(310), and exists in most fiber compositions. Just as in the films, the crystalline peaks decrease, and the copolymer amorphous halo increases as the copolymer content of the fibers increases.
All WAXS diffractograms obtained were deconvoluted using Gaussian curve fitting to yield a crystallinity index, ϕ C WAXS , as in our previous work. 45 The relative area under the crystalline reflections over the sampled 2θ range, A i , allows determination of ϕ C WAXS using:
where the numerator refers to the summation over the areas of the i-crystalline reflections, and the denominator A T is the total area under all peaks in the diffractogram. In eq 1, crystallinity has been normalized to f PVDF , the PVDF fraction in the blends, to obtain the crystallinity index of the PVDF component in the blends.
In this technique, all crystal and amorphous X-ray reflections are assumed to be Gaussian in nature. The Lorentz-corrected scattered intensity, I(q)q 2 , is fitted as the sum of Gaussians and a quadratic baseline using:
where B i is the amplitude, q 0i is the mean q-vector (q = 4π sinθ λ −1 , for θ the half-scattering angle, and λ the X-ray wavelength), σ i is the standard deviation, and C and D are the q and q 2 coefficients, respectively, of the quadratic baseline.
Even though this Gaussian fitting analysis was performed on all WAXS spectra, for the sake of brevity, only two examples are shown in Figure 3 . Parts (a) and (b) show the deconvolution of the X-ray scans of homopolymer PVDF solution-cast film and blend PVDF/FCP 90/10 as-spun fiber mat, respectively. For these particular samples, crystallinity indices were calculated from eq 1 to be 0.26 for homopolymer PVDF film, and 0.20 for PVDF/FCP 90/10 as-spun fiber mat.
Both film and fiber X-ray data show that PVDF crystallization is hindered as copolymer content increases, and the decrease is more significant for fibers. The films appear to contain either alpha or gamma phase crystals, while diffraction from ES fibers is consistent with gamma or beta phase crystals. Next, we examine the infrared spectra of these materials, which is essential for determining the crystal phase. 44, 46 Figure 4(a-c) shows FTIR spectra obtained for PVDF/PMMA-r-PFDMA solution-cast films, electrospun fibers, and melt crystallized films, respectively. The melt crystallized films were obtained by removing material from the DSC pans after nonisothermal cooling of molten fibers. This material was included in the FTIR analysis since melt cooling of PVDF is known to produce the alpha crystallographic phase, 47 and thus aids in interpreting the results of FTIR on solution-cast films and electrospun fibers. Pure copolymer, PMMA-r-PFDMA (i.e., PVDF/FCP 0/100) is shown in dotted lines in the top most spectra of Figure 4(a-c) . Two characteristic peaks are observed at 1146 and 1730 cm −1 , corresponding to C-F stretching vibration and O-C=O ester carbonyl stretching vibration, 48 respectively. The amplitudes of these peaks diminish systematically as the fraction of copolymer in the blend is decreased. ). 44, 46 These spectra display only weak characteristic features of the β-phase of PVDF; namely, the characteristic peak at 1275 cm −1 is merely a shoulder compared to reference samples with large beta content. 44, 46 They do, however, show a well-defined peak at 1232 cm −1 and increased intensity at 811 cm −1 consistent with characteristic γ-phase absorption (indicated in the figure with green dashed lines). A complicating factor is that the copolymer has a peak at 1239 cm −1 which is very close to γ-PVDF at 1232 cm −1
. However, upon careful inspection of the copolymer's peak, we can see that its amplitude will be quite small in the blends with 75% or greater PVDF content, and therefore overlap of the copolymer peak in these blends cannot account for the strong peak at 1232 cm . Combining our X-ray and FTIR results, for the solution-cast blends β-phase characteristics are absent in diffractograms and weak in the absorption spectra. While X-ray peaks can all be indexed to α/γ overlapping reflections, FTIR shows no signature of α-PVDF, and does show characteristic absorbance of γ-PVDF. Therefore, we can say that solution casting of blends of PVDF with PMMA-r-PFDMA results in films containing predominantly polar phases of PVDF, with larger amounts of gamma, and relatively smaller β-phase content than is seen in the ES fibers.
In Figure 4 (b), absorbance spectra of as-spun fiber mats are shown. These blends have none of the characteristic peaks or spectral regions associated with α-phase PVDF crystals. Fibers do display the distinctive and characteristic peak of β-phase PVDF at 1275 cm −1 (indicated with a blue dashed line).
The absorbance peak characteristic of γ-PVDF at 1232 cm −1 is reduced in amplitude in the fiber spectra compared to the solution-cast films. Combining our X-ray and FTIR results for the electrospun blend fiber mats, β-phase characteristics are strongly present in both diffractograms and absorption spectra. Alpha phase is completely absent from both diffractograms and absorbance spectra of as-spun fibers, while gamma phase is present but with reduced signature in fibers compared to solution-cast films.
The melt crystallized films are shown in Figure 4 (c). Except for pure copolymer, these films all display the characteristics of α-PVDF, as expected. 47 This includes three distinctive reflections of α-phase at 614, 762, and 974 cm −1 marked in the figure by red dashed lines. In addition, there are two important regions of the spectrum, which are highly significant for α-phase detection. These include the region from 861 to 807 cm −1 , which has a relatively featureless downward slope, and the region from 1227 to 1117 cm −1 , which contains a characteristic triplet of peaks. The impact of the copolymer on the absorption spectra is not apparent until its content in the blend reaches or exceeds 50%. Then, the spectral regions from 861 to 807 cm −1 and from 1227 to 1117 cm −1 acquire more characteristic features of the copolymer absorption. However, at least in the case of blends containing 75% or more of PVDF, the absorption spectra can be regarded as having diagnostic characteristics of α-phase PVDF.
In a manner similar to homopolymer PVDF, the PVDF/copolymer blends follow the same trend in which the formation of electrospun fibers allows PVDF to crystallize preferentially into the piezoelectric β phase (with some γ) while crystallizing from the melt results in formation of α-phase exclusively. These results are consistent with previous studies which investigated crystal polymorphism of PVDF under similar processing conditions.
Andrew and Clarke 49 studied the polar phase crystal formation in electrospun PVDF using homopolymer PVDF dissolved in dimethylformamide (DMF). They found that not only is polar beta phase preferred when PVDF is electrospun, but also that the beta phase content in fibers can be increased by ES from low viscosity solutions or under a higher applied voltage for high viscosity solutions. Yu and Cebe 50 electrospun PVDF with nanoclay additives Lucentite ® STN and SWN using DMF/acetone mixed solvent and found that polar beta phase is preferred in fiber form regardless of the presence of the additive. Some alpha phase content was observed in fibers made using the SWN additive which had no organic modifier. Yee et al. 51 electrospun PVDF, using DMF/acetone solvent with tetrabutylammonium chloride (TBAC) additive. They also observed polar beta phase crystals formed in electrospun fibers for both neat PVDF and PVDF with TBAC, and the amount of beta crystals was higher when the additive was present. Furthermore, they detected gamma phase crystals in PVDF films produced by spin casting, similar to our solution-cast films in this work which also crystallize in the γ crystallographic phase of PVDF with some presence of β.
This also agrees with the results of Salimi and Yousefi 52 who prepared solution-cast PVDF films. They compared DMAc and cyclohexanone as solvents and found that both solvent systems resulted in crystals containing trans conformers (found in gamma and beta crystals) and that DMAc promoted more trans conformers due to its higher dipole moment. Kim et al. 53 followed a similar experimental approach to create solution-cast films using PVDF and several copolymers containing PVDF, with (N-methyl-2-pyrrolidone) as the solvent. They also reported the observation of gamma phase PVDF crystals dominantly present in the films. Ramasundaram et al. 54 added an organically modified silicate (OMS) nanocomposite (Lucentite ® STN) additive to PVDF films made with DMAc. They reported the as-cast films to be almost purely gamma phase regardless of the OMS content. Upon melting and subsequent cooling of these samples, they found slowly cooled melt samples showed alpha crystals predominantly at lower OMS content and the mixture of alpha and gamma phases at medium and higher OMS content. Gregorio and Capitao 55 prepared and studied PVDF/PMMA blend films cast from DMAc solutions, which were taken beyond the melt and then cooled controllably, resulting in alpha phase PVDF crystals. This agrees with our present results of PVDF blended with a random copolymer based on PMMA, where we also observe α-PVDF after crystallizing from the melt [Fig. 4(c) ].
Thermal Properties TG (Fig. 5) indicates that onset of degradation for PVDF is around 350 C. Addition of the copolymer reduces the degradation onset to about 270 C. As shown in Figure 5(a) , the degradation occurs in several distinct steps that correspond to the degradation of components within the blends. The copolymer, shown by the dashed line, has two major degradation steps. The PFDMA component of the copolymer shows two major degradation steps (see Fig. S3 , Supporting Information), around 300 and 370 C. MMA has a large major degradation step also around 370 C, 56 and a smaller step close to 300 C. Homopolymer PVDF, represented by the solid black line, also shows two degradation steps: major mass loss step around 470 C and a smaller step around 370 C. Consequently, the degradation step seen around 300 C has contributions from PFDMA and MMA whereas the step around 370 C has three contributions arising from PFDMA, MMA, and PVDF. Because of this complexity, assigning observed TG steps to these components requires careful accounting of the steps heights, in terms of the composition. Results are shown in Figure 5 (b). The temperatures corresponding to these degradation steps remain nearly constant (see Fig. S2 , Supporting Information).
As shown by Figure 5 (a), the mass loss at each of these steps varies in proportion to the composition of PVDF/copolymer. For compositions in which the blends have a large fraction of copolymer, most mass is lost at the first and second steps, that is, at 300 and 370 C.
On the other hand, the third degradation step (around 470 C) accounts for the major portion of degradation in blends dominated by PVDF. Figure 5(b) shows the observed mass loss at each of the main degradation steps, as a function of composition. The expected loss at each of these steps is shown in the inset of the plot and was calculated by consideration of the ratio of each component (PVDF, MMA, and PFDMA) in the blends.
Observed data resemble the expected prediction well, showing only small deviations in a few cases. (The tabulated data used to generate this figure are available in the Table S1 , Supporting Information.) The difference between the observed and expected values for mass loss at the different steps could occur due to uncertainties in the blend or copolymer's nominal composition.
Our treatment of TG data, in which different stages (steps) of degradation are assigned to the individual components present in the blend material, allows comparison with the calculated degradation profiles. This provides valuable insight into whether the presence of other materials affects the degradation profile of specific components. This analysis technique can also be used in other multicomponent systems to characterize their degradation processes.
Results of apparent specific heat capacity versus temperature at 10 K min −1 from DSC experiments are summarized in Figure 6(a,b) . Figure 6 (a) shows the melt crystallized samples which had α-PVDF crystal structure. The data come from the second heating of once-melted fiber samples. A general increase of the glass transition temperature (T g ) with decreasing PVDF content (increasing copolymer content) is seen in Figure 6 (b), which shows a magnified plot of the T g region, with small vertical lines marking the inflection points of the T g step.
The T g s of PVDF/FCP blends were measured from the inflection points in the heat flow rate curves and are presented in Figure 6 (c), filled circles. For comparison, the glass transitions of the blends were calculated using two different models. The first was the well-known Fox equation (eq 3) which attempts to account for T g mixing in blends 57 :
where w 1 and w 2 are weight fractions of the constituents contributing to the glass transition in the blend, and T g1 and T g2 are their respective individual T g s (in K). For the individual T g s, we used 212 K for PVDF 58 and 380 K for P(MMA-r-PFDMA).
Crystalline material does not contribute to the glass transition process, and here, only the PVDF can crystallize. Therefore, the amorphous material contributing to the glass transition comprises all of the copolymer, as well as the noncrystalline PVDF. The fraction of noncrystalline PVDF is the w 1 in eq 3. In the crystalline blends, the proportion of copolymer residing in the amorphous phase may be larger than its nominal content in the blend, and w 2 must be calculated for each blend composition based on the crystallinity. (A full list of calculated data used in this analysis is given in Table S2 , Supporting Information.) The results of the analysis of T g using the Fox equation are shown by the red points in Figure 6 (c).
The Fox equation does not provide an accurate fit to the experimental data. It agrees with the general trend at the extremes of composition, and at low PVDF content, but does not match the blend data at high PVDF content.
An alternative model given in eq 4, due to Kwei, 59 was also used to calculate the glass transition temperatures of the blends:
In this model, k and q are two fitting parameters that can be taken as quantities characterizing the strength of intermolecular interactions. Here, w 1 , w 2 and T g1 , T g2 have the same meanings as before.
The Kwei model, with a single set of fit parameters k and q, gave a better fit to the data over the whole composition range than the Fox equation, as shown in Figure S4 (Supporting Information). Much better agreement to the observed T g s was obtained by using two pairs of Kwei parameters. In the region with PVDF content 85% and above, k = 0.04 and q = 12 gave a good fit to the experimental data. In the region below 85% PVDF content, k = 1 and q = 107.3 resulted in a satisfactory fit. This suggests that there are relatively weak intermolecular interactions between the PVDF and copolymer molecules when the PVDF is present in large quantity, but relatively stronger interaction when the PVDF fraction is smaller than 85%.
The Kwei treatment used here is widely employed in the study of glass transition temperature and thermal analysis, and can be used to evaluate any mixture comprising miscible blend partners.
The crystallinity, ϕ DSC C , determined from DSC analysis of the endothermic heat flow, was calculated from eq 5:
where ΔH Crystallinity values are shown in Figure 6 (d) for as-spun fibers (open symbols) and melt crystallized films (solid symbols) (see Fig. S5 , Supporting Information for the DSC heat capacity curves for fibers during the first heating scan). As PVDF content increases, ϕ DSC C generally increases for both electrospun fibers and melt crystallized films. The DSC crystallinity is larger than the crystallinity index found from WAXS [ Fig. 3(c) ], which is to be expected. WAXS crystallinity index is calculated over a limited range of 2θ angles (here, 2θ ≤ 45 ), and therefore reflects a lower limit to the overall sample crystallinity. In addition, WAXS crystallinity index is inherently less accurate than DSC-based crystallinity measurements. DSC measurements are based on endotherm analysis, which captures the melting of all crystals within the sample. WAXS analysis relies on peak area measurements; only crystallographic planes that satisfy Bragg's Law will contribute to the scattered intensity, again resulting in reduction of calculated crystallinity.
As-spun fibers were crystalline once the PVDF content was greater than or equal to 25%. For melt crystallized films, crystallization occurred once the PVDF content was greater than or equal to 50%. It was observed that the crystallinity values for almost all compositions are larger in electrospun fiber samples than in melt crystallized samples. ES fibers contain mostly beta phase crystallographic phase. It has been shown that fast cooling promotes beta phase crystal growth in PVDF. 61 Since the material is being quickly solidified during the ES process (within seconds), it is likely that the fast solidification and the high orientation of the fibers promotes a similar effect, where more beta phase crystals are formed resulting in a greater overall crystal fraction.
Crystallization during cooling from the melt occurs around 130 C ($400 K). (See Fig. S6 , Supporting Information for the DSC cooling heat flow rate curves.) Only blends with >50% PVDF crystallized during cooling. A general decrease of both the melt crystallization temperature and the exotherm area is seen as the PVDF content in the blends is reduced. Upon subsequent reheating, peaks corresponding to melting of these crystals [ Fig. 6(a) ] were observed around 170 C (~440 K).
Crystallization during heating (the so-called "cold" crystallization) occurred only for PVDF/FCP 50/50, at about 100 C , small nuclei may have formed, but they were not able to grow large enough to produce a perceptible exotherm signal possibly because of proximity of the crystallization temperature to the glass transition temperature, which is 340 K in this blend. Upon subsequent reheating, these nuclei continued to crystallize above the glass transition temperature.
Average water contact angles for as-spun fibers as a function of the PVDF content in the blends are shown in Figure 7 . With the incorporation of the highly FCP, the water contact angle is seen to increase significantly, compared to homopolymer PVDF, indicating increased hydrophobicity. This is due to the incorporation of long fluorinated side groups of PFDMA, which segregate to the membrane surface and providing the desired rough surface chemistry. 62 Contact angle generally increases with decreasing PVDF content, reaching a maximum at 25% PVDF, and decreasing in the material with 0% PVDF.
The fiber membranes composed of 0% PVDF (100% FCP) are mechanically brittle and the surface of the fibers is not as "fluffy" as fibers from other compositions. This surface effect may be the reason for the observed contact angle decrease, despite the high level of fluorination. As presented in our recent complementary publication 38 on the oil-water separation and fouling resistant performance of these membranes, contact angle tests performed with oil droplets show that the membranes modified with FCP exhibit superoleophilicity with oil contact angles <1 .
CONCLUSIONS
We have successfully shown that the proposed blend materials are suitable for production of electrospun nonwoven membranes. We have investigated the thermal behavior of blends of PVDF with a random FCP, including the study of thermal degradation, glass transition temperature, crystal formation, crystal polymorphism, melting behavior, and wetting properties. The onset temperature of degradation decreases as the copolymer is added to PVDF, and each of the thermal degradation stages were successfully assigned to the different components in the blends, in agreement with theoretical calculations.
Crystal melting temperatures and the crystal fraction of the PVDF component both decrease, whereas the apparent T g increases, as the copolymer content of the blends increases. By fitting the variation of the T g using the Kwei model, we conclude that there are relatively weak intermolecular interactions between PVDF and FCP molecules when PVDF is present in large quantities; relatively stronger interaction occurs when the PVDF fraction is smaller than 85%.
Examination of FTIR and X-ray spectra shows that electrospun fibers contain predominantly beta phase PVDF crystals. Melt crystallization promotes alpha phase crystal growth, and solution-cast films contain mostly gamma and some beta phase crystals.
Contact angle testing shows that the addition of FCP increases the water contact angle of the fibers, indicating greater hydrophobicity. In a complementary publication, the performance of these electrospun fiber membranes in oil-water separation applications has been reported to be excellent. 38 These two publications report the complete first findings on the synthesis, structure and physical properties, and excellent performance of this novel, highly FCP and its blends with PVDF. The methods used to investigate these new materials can be directly extended to study materials with similar structures and/or properties, especially polymer blends that contain both semicrystalline and amorphous components. Complete understanding of the crystalline phase structure and thermal properties is necessary to the utilization of electrospun membranes for targeted applications. 
